Abstract: Fibrous materials are prominent among novel chromatographic supports for the separation and purification of biomolecules. In this work, strong anion exchange, quaternary ammonium (Q) functional fibrous adsorbents were evaluated with regards to their physical and functional characteristics. A column packed with Q fibrous adsorbent illustrated the good column packing efficiency of theoretical plate height (H) values and higher permeability coefficients (>0.9 × 10 −7 cm 2 ) than commercial adsorbents. For pulse experiments with acetone and lactoferrin as tracers under nonbinding conditions, the total porosity (for acetone) and the interstitial porosity (for lactoferrin) measured 0.97 and 0.47, respectively. The total ionic capacity of the chemically-functionalized Q fiber was 0.51 mmol/mL. The results indicated that the Q fiber had a static binding capacity of 140 mg/mL and a dynamic binding capacity (DBC) of 76 mg/mL for bovine serum albumin (BSA) and showed a linearly-scalable factor (~110 mL) for a column volume with high capacity and high throughput. Furthermore, this adsorptive material had the ability to bind
immobilization for potential use as a cation exchange fiber-based material for the separation and purification of biomolecules.
In this paper, an anion exchange fibrous material containing trimethyl ammonium ligand (Q fibers) in a column-packed form was analyzed for chromatographic performances. Adsorptive fibers have a modified hydrogen bond network with positively-charged functional moieties, on the one hand [44] , and increased protein loading by electrostatic interactions, on the other [45, 46] . The anion exchange fibrous adsorbent was prepared according to the previously described procedure [20, 47] and investigated by a plethora of physico-chemical and functional characteristics. The functionalized fibers were oriented in a randomly-packed form in linearly-scalable columns. Additionally, the quality of the packing efficiency and pressure drop was evaluated. The interstitial and total porosities and permeability of the fibrous adsorbent were also measured. For the column characteristics of the packed fibers, breakthrough analyses have been determined for operation in the frontal mode and were also compared to the effect of the molecular weight of the protein on the dynamic binding capacity (DBC). This is the first research work that describes the performance of the column-packed fibers as a chromatography media that could be scalable for a 1-to 110-mL column volume.
Experimental Materials and Methods

Materials
Natural cotton material used in this research was purchased from Gebrüder Otto GmbH & Co. Kg (Dietenheim, Germany). Fiber diameters ranged 1-20 µm, and the surface textures of the fiber were qualitatively analyzed using scanning electron microscope (SEM) images. BSA was purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Acetone was procured from AppliChem GmbH (Darmstadt, Germany). A QF150 biotech pump was purchased from (Quattroflow Fluid Systems, Hardegsen, Germany). Chromatography columns, Tricorn 5/50 (0.5 mm internal diameter (ID) × 5.5 cm length (L)), XK 50 (50 mm ID × 20 cm L), Q Sepharose FF resin and the ÄKTA explorer system equipped with Unicorn 4.10 software for data collection and analysis were obtained from GE Healthcare (Uppsala, Sweden). All of the buffer solutions were filtered with 0.45-µm filter (Sartorius, Goettingen, Germany).
Physico-Chemical Characterization
Swelling and Porosity
The percentage degree of swelling (%DS) was estimated by weighing the fiber sample in the wet state (m wet ) and after drying (m dry ) to a constant weight at 50 °C under a vacuum in a drier, as shown in Equation (1) .
The total volume of pores (porosity, expressed as %) within the fibrous material body was measured by the water uptake of the "squeezed" swollen sample using Equation (2) [20, 48] , where 1 g of fibrous adsorbents was immersed in deionized water for an hour; m swollen is the mass of the material after water uptake, and m water-bound is the mass of the dry material once it has gained bound water by absorption of water vapor.
Microscopy
The adsorptive fibers and virgin cellulose fibers were preconditioned in 3 M KCl in a phosphate buffer and wetted with distilled water. Finally, the samples were dried at 50 °C in an oven, and then gold sputtered samples were examined at different magnifications using a Joel JSM 5900 (JOEL USA, Inc.: Peabody, MA, USA) scanning electron microscope (SEM). The morphology of the modified Q fibers after protein adsorption was visualized using confocal laser scanning microscopy (CLSM). Zero-point-zero one grams of Q fiber samples were incubated with a BSA-labeled Alexa Fluor 488 (green dye) in 0.1 M sodium phosphate with a pH of 7.4, for 2 h at room temperature on a rotor. After this, the samples were thoroughly washed with a conditioned buffer and then examined directly using confocal microscopy. Confocal images were taken utilizing a Carl ZeissLS510 (AxioVision version 3.0; Carl Zeiss, Inc.: Thornwood, NY, USA). The resulting pictures were collected using the laser excitation sources at 488 nm [20] .
Functional Characterization
Column Packing
The dried anion exchanger fibrous adsorbent was homogenized into relatively short fibers (<1 cm) using an electric mixer (McMaster-Carr, Aurora, CO, USA) at a constant interval of time (1 to 1.5 min) and speed (50 rpm). Zero-point-two grams of functionalized adsorbent were randomly packed into a Tricorn 5/50 mm column of a 1-mL column volume. The packed fabric bed was then swollen in place with 20 mM Tris-HCl buffer (pH 7.4) at a low flow velocity (~75 cm/h), and the bed height of the column was re-adjusted, so that there was no free headspace in the column after the swelling of the medium contained in the functionalized material [20] . The bed height was 5.5 cm, and the column volume was 1 mL. The same procedure was applied to the packing of XK 50 column, keeping the same bed height (5.5 cm) and the column volume of ~108 mL. The quality of column packing efficiency was evaluated in terms of the plate height by impulse injection experiments using acetone of 5.0% (v/v) as the tracer under a non-retained condition at flow velocities ranging from 75 to 600 cm/h.
Pulse Experiments
The packed Tricorn 5/50 and XK 50 columns were prepared for pulse experiments, which were conducted at room temperature on an ÄKTA explorer system with a sample loop and internal UV detector. Aqueous acetone of 5.0% (v/v) and lactoferrin solution of 10 mg/mL were injected in the amount of 1% column volume at different linear flow velocities between 75 and 600 cm/h with Tris-HCl buffer. The extra-column volume was accounted for by conducting the same measurements, bypassing the fibrous column in the system.
Flow Permeability Experiments
The pressure drop along the length of columns (Tricorn 5/50 and XK 50) packed with Q fibrous adsorbent was measured at four different flow velocities between 75 and 600 cm/h using 20 mM phosphate buffer (pH 7.4). The aforementioned packed columns were mounted on the ÄKTA explorer system, and the flow permeability experiments were conducted at room temperature with internal and external digital pressure monitors. The measurements of pressure drop were determined by the difference in the pressure at the inlet and the outlet of the column observed in the pressure monitor. The extra-column pressure drop was accounted for by conducting the same measurements without a fibrous column. A QF150 biotech pump was used to control the linear flow velocity (600 cm/h) for the XK50 column, as the ÄKTA explorer was not compatible with that flow velocity.
Determination of the Ionic Capacity
The ionic capacity (or phosphate capacity) of the porous adsorbents was determined by the transient pH phenomenon [49] . In this system, the ionic capacity was measured using two buffer solutions having the same pH value, but different ionic strengths. The packed anion exchange fibrous column was conditioned with 500 mM phosphate pH 7.4 (Buffer A) and then subsequently shifted to 20 mM phosphate pH 7.4 (Buffer B). The buffer switch induced a change in pH as a result of the release of ions that were bound to the adsorbent in the column during high salt conditions. The time interval ∆t (pH) was determined between the switching point of the mobile phase and the point at which 50% of the maximum pH value was achieved. The phosphate capacity was calculated using Equation (3) , where the volumetric flow rate (ϕv), concentration of elution buffer solution (C2), and column volume (Vc), as well as time interval (∆t) are used in the expression [50, 51] . Q Sepharose FF beads were utilized as a control ion exchange sample.
Protein Adsorption under Static and Dynamic Conditions
Finite bath adsorption measurements were performed utilizing 10 mg/mL of BSA as a model protein. The Q fibrous samples were preconditioned with 20 mM phosphate equilibration buffer (pH 7.4) for 2-3 h, and then, the samples were incubated with protein solution at room temperature for 6 h under mild conditions of 10 rpm. The exact amount of BSA adsorbed by the adsorbent was measured by the differences in the absorbance (A280) of BSA before and after incubation. The DBC at 10% breakthrough for the BSA with Q fibrous adsorbent material was determined by frontal studies [52] . The packed Q fibrous columns (5 mm and 50 mm) were mounted to an ÄKTA explorer 100 system and equilibrated by passing the Tris-HCl buffer (pH 7.4). The DBC measurements were evaluated by saturating the column with 2 mg/mL of BSA solution at linear flow velocities of 75-600 cm/h and then by monitoring the UV absorbance at 280 nm. The BSA bound to the adsorbents was eluted using 20 mM Tris-HCl buffer containing 1 M NaCl. For determining DBC of the XK 50 fibrous column operated at 600 cm/h flow rate, a QF150 biotech pump was applied, and the dead volume of the system was determined by acetone injection. The amount of BSA bound was determined using the 10% breakthrough volume (V), column void volume (V 0 ), initial BSA concentration (C 0 ) and, finally, using either the dry weight of adsorbent (Wg) or its column volume (CV), as shown in Equation (4) [20, 53] .
In another study, the effect of DBC at 10% breakthrough on the sample molecular weight was determined by loading separately low (BSA) and high (thyroglobulin) molecular weight proteins of 2 mg/mL concentration in a 1-mL packed fibrous column (Tricorn 5/50) operated at a flow velocity of 300 cm/h.
Results and Discussion
Physico-Chemical Characterization of the Adsorptive Material
The adsorptive cellulose fiber utilized has undergone a chemical treatment to allow a rapid swelling of the adsorptive material from the dry state using buffer solution [20, 47] . The swelling of cellulose fiber facilitates the disruption of the internal hydrogen bonds between polymer chains, which increases the polymer backbone accessibility to analytes. The cellulose fibers containing trimethyl ammonium ligand were investigated. Water uptake experiments revealed a ~92% porosity, indicating that most of the water was able to freely move inside the fiber structure, allowing solute diffusion. The degree of swelling was observed as 3.95 g/g in distilled water at 24 °C, which was not suitable to avoid affecting the physical integrity of the material. The SEM images in Figure 1 shows the representative morphologies of (a) virgin cellulose fiber and (b) Q fibers. The modified fibers have an average diameter of 5-20 µm in the dry state and ~20 µm in the wet state. These values were obtained by qualitatively measuring the diameters of fibers from microscopy images. The overall morphology of the adsorptive Q fibers (Figure 1b) , showed the same overall aspect as virgin cellulose fibers. An increase in fiber diameter can be appreciated, however, as the large diameter heterogeneity of this natural material cannot be quantified. Figure 1 . SEM images of (a) virgin cellulose fibers and (b) adsorptive Q fibers at different scales. Figure 2 explains the confocal images of (a)-(c) of BSA (2 mg/mL) labeled with Alexa 488 fluorescent-stained representing the protein adsorption on the whole fiber and control images of (d)-(f) of non-labeled BSA at 488 that are ~20 μm in diameter. It had been noted that the Q fiber morphology in buffer can be pictured using CLSM at higher magnification; however, in such conditions, the complete profile cannot be obtained. The confocal microscopy studies revealed the distribution and high protein adsorption as a consequence of the protein penetration inside the fiber body, transformed in a hydrogel structure. A study of the flow-through property and protein binding of the fiber can be monitored with CSLM, which might give important information on the dynamic behavior of porous adsorbents during separation. 
Functional Characterization
Packing Efficiency
The Q fibrous adsorbent as a chromatographic support in a packed column illustrates a relatively low dry packing density (0.2 g/mL) due to its high swelling ratio [20] . The effect of packing heterogeneity may severely impede the separation efficiencies of the chromatography columns [54] [55] [56] [57] that can be eliminated by swelling of the bed at a very low flow velocity (75 cm/h) [20] . Figure 3 displays the relationship between the theoretical plate height (H) and linear flow velocity of 5-mm inner diameter column randomly packed with Q fibers compared to Q Sepharose FF adsorbents. For the fibrous column, when the flow velocity was higher than 75 cm/h, the plate height only increased slightly and nearly reached a plateau with a flow velocity up to 600 cm/h, i.e., the plate height is nearly independent of flow velocity for a wide range of flow rates. This behavior contrasts conventional porous mediums, like Q Sepharose FF columns, for which the plate height is strongly dependent on flow velocity [58, 59] . The resultant theoretical plate height (H) (0.5-0.8 mm) and the measured peak asymmetric (As) values (≤1.6) of the fibrous column demonstrated good packing efficiency with good reproducibility and were comparable to bead packed columns. 
Pulse Analysis to Determine Porosity Measurements
The total and interstitial porosities of a packed column were measured by pulse experiments using first absolute moment analysis, which is expressed by the following equation:
where µ 1 is the first absolute moment, C is the concentration of tracer (%) in the column and t is time.
The relationship between the first absolute moment and the total porosity ε is given by the expression:
where 0 is the superficial velocity and L is the height of the column. If µ 1 is plotted versus L/ 0 , the slope of the curve is porosity. This technique was previously utilized using small injections of differently-sized tracers that were applied to the packed column under nonbinding conditions [35, 60] . In this work, acetone was commonly used to determine total porosity, and the globular protein, lactoferrin, can be used to measure the interstitial porosity of a column packed with the Q fibrous adsorbent. Figure 4 represents the plot of the first absolute moments versus L/ 0 for the two tracers. This has, presumably, shown that acetone is much smaller than lactoferrin, and the obtained experimental results indicate that acetone has a longer residence time and a larger slope when compared to the globular protein. This is due to the fact that the pores are more easily available for acetone and are inaccessible by lactoferrin. The porosity measured with acetone and lactoferrin was found to be 0.97 and 0.47, respectively.
Figure 4.
First moment versus L/ 0 for pulse injections of acetone and lactoferrin into a column packed with Q fibrous adsorbent.
Pressure Drop Measurements
The pressure drop in a porous medium follows Darcy's law at a low Reynolds number and is given by the expression [61] :
where 0 is the superficial velocity; k is the permeability coefficient; µ is the viscosity of the mobile phase, which is 0.01 poise for the phosphate buffer; ∆P is pressure drop across the medium; and L is the height of the medium. The superficial velocity is plotted as a function of the measured P/Lµ value for two different diameter columns packed with Q fiber material, as shown in Figure 5 . The slope of the curves is the permeability coefficient, which is equal to 0.95 × 10 −7 cm 2 and 1.51 × 10 −7 cm 2 for the 5-mm and 50-mm diameter columns, respectively. These obtained values are between one-and three-times greater than the literature values of membranes developed for similar purposes [35, 61] and between one-and two-times greater than the values of columns packed with ion exchange beads [62, 63] . The pressure flow curves can also be accounted for until the critical flow velocity is reached, when the pressure drop rises to an extreme value; however, this needs further investigation due to the limitation of system compatibility. From the experimental results, it was recorded that the permeability coefficient value is not affected, even with increasing the column volume, which significantly showed well-preserved hydrodynamic characteristics. Several significant parameters, such as pore structure, shape, size, swelling degree and compatibility with the mobile phase, can change the back pressure of the column. 
Total Ionic Capacity
The total ionic capacity of the Q fiber was determined by the pH transient method at a flow rate of 300 cm/h, and the value was found to be 0.51 mmol/mL. The pH profile of the packed fibrous column is shown in Figure 6 . Phosphate analysis was evaluated in the same manner with Q Sepharose FF, which showed an ionic capacity of 0.22 mmol/mL. The resulting fibrous ionic capacity (phosphate) is higher than that of commercially available ion exchange adsorbents, as mentioned in the literature [64] . However, the strategy of built-in functions is known to produce proper modification of fibrous structures due to the optimization of chemical treatment with high numbers of charged groups on the ion exchangers. 
Chromatography Performance
BSA was selected as a model protein to illustrate concomitant mass transfer studies of the Q fibrous adsorbents in static and dynamic conditions. From the finite bath adsorption experiments, the static capacity of fiber was found to be 140 mg/mL. The dynamic breakthrough analysis of any adsorption system is a combination of equilibrium binding capacity, adsorption kinetics and system dispersion [65] , and the performance was evaluated via breakthrough curve analysis (BTC) as a function of superficial velocity. The results of the breakthrough (Table 1 ) experiments carried out in two columns of a different diameter, 5 mm and 50 mm, at increasing flow rates as expressed by the quantities DBC are shown in Figure 7 . The DBC values obtained at a flow rate of 300 cm/h for 5-mm and 50-mm fibrous columns were 268 mg/g, (53.6 mg/mL) and 299 mg/g (59.8 mg/mL), respectively. It has been observed that there is a linear scalability in the performance (~5 mg/mL deviation) of the fibrous columns at increasing flow rates with an increasing column volume. In another experiment, Q fibrous adsorbents showed nearly identical capacity at a slow flow rate of 75 cm/h and relatively higher capacity compared to Q Sepharose FF with increasing flow rates, even up to 600 cm/h. The resultant values from Table 1 demonstrate that the fibrous adsorbent capacity is maintained and nearly independent of higher flow rates when compared to packed-bed beads where the capacity is reduced by half with an increase in flow rates [63] . The values reported are also higher compared to strong anion exchange monolithic adsorbents (30 mg/mL) of CIM-QA (BIA Separations, Villach, Austria) and 40 mg/mL for UNO-Q monoliths (Bio-Rad, Hercules, CA, USA) [66] .
On the other hand, residence time distribution (RTD) analysis was performed to evaluate axial mixing. Response pulses obtained employing acetone as the tracer allowed for the determination of the Péclet number (Pe) using the tank in series model and the dispersion model [67] to fit the experimental data and interpreting the normalized profiles. The resultant Péclet number for Q fibrous support (≥60) remained constant, suggesting plug flow characteristics with minimal axial mixing (see Figure 8) within the bed. However, a reduction of DBC at very high flow velocity can be explained by a small increase in axial dispersion within the system [20, 65] . We speculate that the presence of a fiber entanglement may enhance the convective mass transfer and significantly reduce the stagnant zones by minimizing the diffusive distance [68] . Because the distance between the convective flow through pores (that is the length of diffusion path) was quite short (fiber radius), pore fusion did not play a significant role in affecting the column efficiency [69] . It has been noted that there was no column compaction at high ionic strength after the column was regenerated with 1 M NaCl, and the fibrous column can be reused. The advantages of a higher binding under a dynamic regime at higher flow rates for fibrous adsorbent were even more evident by having good dispersion and adsorption, thereby suggesting that there could be a potential use for additional adsorbents for bioprocess applications compared to classical packed-bead columns. Figure 9 shows the results of breakthrough curves of low and high molecular weight proteins (BSA-66.5 kDa; thyroglobulin-650 kDa) against normalized sample concentration, respectively. The breakthrough at 10% saturation for the thyroglobulin was low (6 mg/mL) when compared to BSA, which indicates that the anion exchange fibrous adsorbent has the same behavior for DBC as hydrogel-bead adsorbents for high molecular weight proteins. However, the DBC for thyroglobulin results in being almost two-times higher than for the corresponding commercial Q Sepharose FF resins [64] . These experiments illustrate that the Q fibers have a significant improvement in the binding capacity for samples having molecular weight proteins up to 650 kDa. Figure 9 . Breakthrough curves in terms of sample volume for (▬) BSA and (---) thyroglobulin on Q fibrous adsorbent packed in a column (5 mm ID × 5.5 cm L). Conditions: 20 mM phosphate buffer, pH 7.4, was used as the equilibration buffer, and the sample (2 mg/mL) was dissolved in running buffer.
Effect of Molecular Weight of the Sample on the DBC
Conclusions
The performance of an anion exchange fibrous adsorbent based on cellulose fiber has been evaluated as a chromatography support. Results from microscopy studies indicated that the fiber morphology was well retained in the adsorptive material compared to virgin cellulose fibers. The potential of fibrous column packing efficiency and flow permeability were evaluated for two different linear scalable columns and achieved reproducible column-to-column packing homogeneity and a high permeability coefficient compared to other membrane types and to packed beds of chromatographic resins. The results of the pulse experiments show that the modified fibrous supports maintain very high porosity for both small and large solutes and have interstitial porosities greater than typical bead packed beds. For the column characteristics of the packed fibers, breakthrough analyses have been determined for the operation in the frontal mode and also comparing the effect of DBC on the nature of the sample. The results from protein adsorption studies show that the fibrous adsorbents have high binding capacities under static and dynamic conditions and, more significantly, have the ability to bind high molecular weight proteins. This research describes the performance of the fibrous adsorbent as a chromatography media in terms of high binding capacity at higher operational flow rates that can be linearly scalable from a 1-mL to 110-mL column volume. Dynamic breakthrough experiments of the fibrous adsorbents indicate that high binding capacities can be achieved with higher flow permeabilities than commercial columns of ion exchange resin with similar or higher capacities. The main advantage of this fibrous adsorption system from an industrial perspective is utilizing the materials in their original structure, without changing the physico-chemical transformation of the material shape, but having an important swelling behavior that improves the adsorptive capacity of the material. In summary, all of these results support that packed fibrous adsorbents have great potential for high throughput and high binding capacity in the separation and purification of biotherapeutics and may also become an attractive alternative to replace other types of resins, membranes and particles currently being used in the biopharmaceutical industry. Additionally, this fiber material offers the opportunity to develop disposable bioseparation devices due to the inexpensiveness of the raw material, low production cost and competitive process parameters.
